Study Design. Electrophysiological recordings were obtained from proprioceptors in deep lumbar paraspinal muscles of anesthetized cats during high-velocity low-amplitude spinal manipulation (HVLA-SM). Objective. To determine how thrust direction of an HVLA-SM affects neural input from back musculature. Summary of Background Data. A clinician's ability to apply the thrust of an HVLA-SM in a specified direction is considered an important component of its optimal delivery. However, previous biomechanical studies indicate that the shear force component of the thrust vector is not actually transmitted to paraspinal tissues deep to the thoracolumbar fascia because the skin-fascia interface is frictionless. Methods. Neural activity from muscle spindles in the multifidus and longissimus muscles was recorded from L 6 dorsal rootlets in 18 anesthetized cats. After preload to the spinal tissues, HVLASMs (100-ms thrust duration) were applied through the intact skin overlying the L 6 lamina. Thrusts were applied at angles oriented perpendicularly to the back and obliquely at 158 and 308 medialward or cranialward using a 6 Â 6 Latin square design with three replicates. The normal force component was kept constant at 21.3 N. HVLA-SMs were preceded and followed by simulated spinal movement applied to the L 6 vertebra. Changes in mean instantaneous discharge frequency (DMIF) of muscle spindles were determined both during the thrust and spinal movement. Results. DMIFs during the HVLA-SM thrust were significantly greater in response to all thrust directions compared with the preload alone, but there was no difference in DMIF for any of the thrust directions during the HVLA-SM. HVLA-SM decreased some of the responses to simulated spinal movement but thrust direction had no effect on these changes. Conclusion. The shear force component of an HVLA-SM's thrust vector is not transmitted to the underlying vertebra sufficient to activate muscle spindles of the attached muscles. Implications for clinical practice and clinical research are discussed.
W ell over 40 randomized clinical trials (RCTs) and a substantial number of systematic reviews have evaluated the efficacy of spinal manipulation for low back pain.
1,2 Sufficient benefits have been reported enabling clinical guidelines and evidence reports to support the use of spinal manipulation in the management of low back pain. [3] [4] [5] In everyday life, patients often use spinal manipulation when seeking care for low back pain. [6] [7] [8] Utilization data indicate most patients treated with spinal manipulation (SM) receive a high-velocity low-amplitude procedure (HVLA-SM). 6, 9, 10 HVLA-SM is a biomechanical treatment whose application can be identified by several physical characteristics including its preload, its duration, amplitude, direction, and site of application. 11 We currently know very little regarding the relationship between any of these physical parameters and an HVLA-SM's capacity to either evoke or optimize a successful clinical outcome. To our knowledge in efficacy studies of spinal manipulation, biomechanical characterization of the treatment procedure actually delivered to study participants has rarely if ever been identified. 12 This lack of detailed knowledge about the treatment variable in manipulation RCTs stands in striking contrast to the well-defined and consistently applied dosages used in efficacy studies for drug treatment. Consequently, scientific efforts to accurately assess the efficacy of spinal manipulation may be confounded by either not controlling for or not having identified the physical characteristics of the treatment actually applied.
In studies using healthy individuals and animal models, several groups have begun to systematically investigate the relationship between the physical characteristics of an HVLA-SM and consequent physiological and biomechanical responses. These groups have standardized delivery of the HVLA-SM by developing devices to control its application. [13] [14] [15] Their results demonstrate that the magnitude of the preload that precedes the manipulative thrust, the duration and amplitude of the thrust itself, and the specific contact site where the thrust is applied influence HVLA-SMinduced changes in EMG responses, [16] [17] [18] spinal stiffness, 19, 20 and proprioceptive signaling. [21] [22] [23] Although the relationship between these changes and clinical outcomes is not known, the results collectively warrant the consideration that the occurrence and magnitude of clinical benefits from spinal manipulation could depend upon the physical characteristics of the HVLA-SM treatment being delivered.
In the current study, we add to this body of knowledge by investigating the relationship between the direction in which the thrust of an HVLA-SM is applied and proprioceptive signaling from paraspinal muscle spindles. The appropriate application angle of an HVLA-SM is thought to impart the most vertebral displacement for the least amount of manipulative force. 24 We identified muscle spindles as an outcome measure because neural input from coactivated paraspinal sensory receptors including muscle spindles during an HVLA-SM has long been thought to contribute to HVLA-SM's therapeutic effects. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Using a feline model we tested the hypothesis that the magnitude of neural discharge from lumbar paraspinal muscle spindles during and after a simulated HVLA-SM depends upon thrust direction.
MATERIALS AND METHODS
Experiments were performed on 18 deeply anesthetized cats weighing between 3.9 and 5.3 kg [mean 4.4 (SD 0.4)]. All experiments were approved by the Institutional Animal Care and Use Committee. A mechanical device ( Figure 1 ) was used to apply simulated HVLA-SMs to the lumbar spine of deeply anesthetized cats while recording sensory activity from individual muscle spindles in lumbar muscles attached to the L 6 vertebra (cats have 7 lumbar vertebrae). All surgical and electrophysiological procedures as well as the mechanical device have been previously described in detail. 22,35 -37 They are presented briefly in the Appendix along with a general description of the approach for delivering an HVLA-SM; http://links.lww.com/BRS/B320.
HVLA-SM Characteristics
Five HVLA-SM thrust directions were studied: directly posterior-to-anterior (P-A 08), combined P-A and angled medialward 158 or 308, and cranialward 158 or 308 ( Figure 2 ). To ensure similar contact areas between the manipulator and the skin overlying the L 6 lamina, a plastic tip (Figure 1, inset B) was inserted into the appropriate plexiglass holder machined at an angle complementing the 08, 158, 308 thrust directions. Thrust duration was 100 ms similar to that used clinically. [38] [39] [40] Peak thrust force was 21.3 N representing 55% of the average body weight of a cat and a scaled value used clinically. 21, 41 No data were available regarding whether clinicians change thrust amplitude when they modify their thrust direction. Consequently, we chose to keep the normal component of peak thrust force (the force perpendicular to the back of the cat) constant (21.3 N) and allowed the orthogonal shear component (parallel to the back of the cat) to vary. Figure 2 shows the peak thrust force to which the motor was programmed based upon decomposition of each application angle. The applied shear forces were 5.7 N for the two 158 HVLA-SMs and 12.3 N for the two 308 HVLA-SMs (not depicted in Figure 2 ).
Ramp and Hold Challenge Before and After the HVLA-SM
In addition to determining the effect of thrust direction on muscle spindle signaling during the HVLA-SM, we also determined the effect of thrust direction on muscle spindle signaling to spinal movement using methods previously reported 19, 20 (see the Appendix for description; http://links. lww.com/BRS/B320). Figure 3 shows the ramp and hold stimuli that were applied at the L 6 spinous process in a P-A direction before and after the HVLA-SM.
Experimental Design and Protocols
Six experimental protocols were performed [one control (preload only) and five manipulations (preload þ thrust)]. As shown in Figure 3 , each protocol consisted of three parts: (1) ramp and hold; (2) followed 5 minutes later by a spinal intervention consisting of either preload alone or a preload and an HVLA-SM; and (3) followed by a second ramp and hold. Eighteen afferents were studied using a 6 Â 6 Latin square design with three replicates. Each replicate began with the control protocol, followed by P-A 08, cranialward 158, cranialward 308, medialward 158, and medialward 308 HVLA-SM protocols. The first protocol was presented last during each succeeding cycle of the replicate.
Data Analysis
Analysis was performed on changes in the muscle spindle's mean instantaneous discharge frequency both during the HVLA-SM relative to baseline (DMIF during ) and before and after the HVLA-SM to static or positional (DMIF resting , DMIF new position ) and to dynamic (DMIF average movement , and DMIF peak movement ) components of simulated spinal movement. See the Appendix for detailed description of these outcome responses; http://links.lww.com/BRS/B320. Analysis of variance (ANOVA) models were fit with terms for replicate, blocking factor within replicate, order, and protocol. Data analysis was performed using SAS System for Windows v9.3, SAS Institute Inc, Cary, NC. Five preplanned contrasts comparing each of the five thrust directions to preload only (control) were made to determine which of the DMIFs were different. Preplanned contrasts were tested at the 0.05 level of significance. We then compared between those thrust directions that were significantly different from control, controlling for multiple comparisons with the Bonferroni method. Descriptive statistics are reported as means and standard deviations (SD). Inferential statistics are reported as means and 95% confidence intervals (lower, upper 95% CI) based on the ANOVA model.
Sample size calculations were obtained by estimating standard deviations during HVLA-SM from a previous study 41 that compared four contact sites and which used a peak thrust amplitude and a thrust duration identical to those used in the current study. That study was also a Latin square design, so we were able to estimate standard deviations controlling for replicates and blocking factor within replicate. At this time we have insufficient knowledge to know whether a threshold change in discharge exists that is clinically relevant. A previous study in a reduced cat preparation showed that a 50 imp/s increase in the stimulation frequency of single Ia muscle spindle afferents, from 50 to 100 imp/s, most often decreased synaptic efficacy in a-motoneurons by more than 45%
42 (see Figure 6 in ref. 42 ). To detect mean differences of at least 50 imp/s in DMIF during , our sample of 18 cats yielded 99% power for comparing between control and each HVLA-SM thrust direction and 90% power for comparing between each of the thrust directions and adjusting for the 10 pairwise multiple comparisons. In addition, previous studies in the cat showed that the static sensitivity of lumbar paraspinal muscle spindles is 16.2(imp/s)/mm of vertebral translation or 5.2(imp/s)/degree of vertebral rotation 43 and that their velocity sensitivity at peak movement is 2.9(imp/s)/(mm/ s). 44 A change in spindle discharge of 5imp/s could alter the sensory signal signifying a vertebra's position by $0.3 mm or 18 and the signal signifying its velocity of movement by $2 mm/s. To detect mean differences of at least 5 imp/s in DMIF rest , DMIF new postion , and DMIF average movement , our sample of 18 cats yielded >99% power for comparing between control and each HVLA-SM thrust direction and >99% power for comparing between each of the thrust directions and adjusting for the possibility of 10 pairwise multiple comparisons. For DMIF peak movement , our sample of 18 cats yielded 77% power to detect differences between control and each HVLA-SM thrust direction and 45% power to detect differences of at least 5imp/s between each of HVLA-SM thrust directions.
RESULTS
Recordings were obtained from 18 single afferents belonging to muscle spindles in the lumbar paraspinal muscles (see the Appendix for neurophysiological methods used to identify muscle spindle activity; http://links.lww.com/BRS/ B320). All afferents increased their mean discharge frequency to succinylcholine injection. Mean maximum frequency increased by 78.8imp/s (19.3-201.2imp/s) and lasted at least 2 minutes. All spindles showed a sustained response to a fast vibratory stimulus of $65 Hz. All afferents were silenced by muscle twitch (stimulation amplitude ¼ 0.2-0.3 mA; duration ¼ 50 ms). The most sensitive portion of each afferent's receptive field, suggestive of the spindle's location within the parent muscle, was often located (11/18 afferents) nearest the level where the L 6 paraspinal muscles crossed over the L 6-7 facet joint. For the remaining seven afferents, three receptive fields were nearest to the L 6 spinous process, three nearest to the L 7 spinous process, and one was nearest to the L 5-6 facet joint.
Effect of Thrust Direction on Muscle Spindle
Responses During the HVLA-SM All five thrust directions significantly (P < 0.001) increased DMIF during compared with the preload alone (Figure 4) (Figure 4) .
Responses to Vertebral Position After the HVLA-SM 
Effect of Thrust Direction on Muscle Spindle Responses to Vertebral Movement After the HVLA-SM
DMIF average movement was not significantly different from control for any of the five thrust directions (Figure 7) .
The medialward 158 and cranialward 308 thrust directions significantly (P ¼ 0.01, and P ¼ 0.02, respectively) decreased DMIF peak movement compared with control [À4.7 (À1.3, À8.0) and À3.9 (À0.5, À7.3) vs. 1.9 (À1.5, 5.3) imp/ s]. DMIF peak movement was not significantly different between the two thrust directions (Figure 8 ). 
DISCUSSION
The data show that mean muscle spindle activity during the HVLA-SM is significantly greater in response to the HVLA-SM than to the preload alone confirming original findings of Wheeler and Pickar. 13 The data extend these findings by showing that the increase in spindle discharge during the HVLA-SM is independent of thrust direction when the magnitude of the normal force component of the thrust vector remains constant. The data also confirm findings from a number of previous studies 21, 22, 41 that HVLA-SM produces small and variable changes in muscle spindle responsiveness to vertebral position and movement. They extend these findings by showing that despite the medial 158 and cranial 308 HVLA-SMs decreasing spindle responsiveness to both a new vertebral position and the peak of vertebral movement, thrust direction has no effect on these decreases when the normal force component remains constant.
Across professions that use spinal manipulation (including chiropractic, 24 medicine, 45 osteopathy, 32 and physical therapy, 46 ) a clinician's ability to apply a manipulative thrust in a specified direction is considered an important component of its correct delivery. The desired thrust direction is most often described as being parallel to either the plane of the intervertebral disc or the facet joint space. This is thought to move the vertebra in a specified direction while providing the least resistance to its movement and limiting force transmission to the desired targets. 11, 24, 40 Textbooks of manipulative technique describe the use of purely vertically oriented posterior-to-anterior thrust vectors as well as obliquely oriented thrust vectors that are angled lateral-tomedial or inferior-to-superior depending upon the region of the spine being manipulated. Obliquely oriented thrust vectors introduce force components perpendicular (normal component) and parallel (shear component) to the contact's tangent plane. While the concept of spinal manipulation being able to return a vertebra to a specified position is antiquated to many, 25 current thinking emphasizes the restoration of zygapophyseal joint mobility and joint play. 25, 47 HVLA-SM does alter vertebral position at least temporarily, as indicated by the presence of increased facet joint spacing after a side posture HVLA-SM. 48 Two biomechanical studies call into question whether the shear force component of an obliquely oriented thrust vector can be transmitted to the underlying vertebra so as to actually move the vertebra in the thrust direction. In human participants Bereznick et al 49 studied the relationship between perpendicular and parallel forces applied independently at a contact point over the kyphosis of the thoracic spine using a plexiglass plate. They concluded that the fascial interface between the thoracic skin and deeper tissues is frictionless making the shear component incapable of transmitting force to the underlying deeper tissues. To further address the issue, they studied movement of the thoracic skin when contact was made using methods similar to those used in clinical practice which are thought to hook onto or stabilize against a spinous or transverse process. They found that when a shear force is applied, slippage still occurs. They did not however apply a preload to tauten the skin against the spinous or transverse process as is performed in clinical practice. Thus potential for the shear component to transmit force to the deeper tissues may have been overestimated. In a second kinematic study using porcine lumbar spines, Kawchuk and Perle 50 investigated the effect of thrust angle on accelerations of the target vertebra. They concluded that unlike a perpendicular thrust (normal force component only) obliquely oriented thrusts do not increase vertebral accelerations in the thrust direction, which was also in agreement with their pretest estimates of decreased force with increasing application angle. Our neurophysiological data using muscle spindles to assess the transmission of force and movement to deep tissues in the lumbar spine of the cat support the above conclusions and extend Bereznick et al's observations to the lumbar spine. Muscle spindles are activated when muscle is stretched because spindles lie parallel to the extrafusal fibers. Physiologically, this happens when a joint is moved and muscle stretches as its attachments move away from each other. Transverse forces applied directly over a muscle belly can also activate spindles 51 introducing the possibility that, in the current study, spindle responses resulted simply from transverse forces distributed from the manipulator's tip, through the skin, to the underlying paraspinal muscles. That transverse stimulation was not the case has been shown in a previous study using the same animal preparation. 41 In that study, contact sites over a vertebra distant to the muscle spindle's receptive field were just as effective at increasing spindle discharge as contact sites close to the receptive field. In the present study, with the thrust force's normal component kept constant but its shear component increasing, muscle spindle responses during the manipulation and the responsiveness of muscle spindles to movement following the manipulation each remained similar. Consistent with this finding, the effects of muscle history on muscle spindle responses are the same regardless of whether the thoracolumbar fascia is present or not. 52 Thus, even if there were friction at the skin -thoracolumbar fascia interface, this fascia does not appear to transmit shear loads to paraspinal muscle spindles.
Historically, HVLA-SM's mechanism of action is thought to arise from biomechanical and neurophysiological processes. 25, 27, 32 During the manipulation, the optimally applied HVLA-SM may remove impediments to normal spinal motion by reducing intraarticular adhesions, freeing trapped intraarticular meniscoids, or removing distortions of the annulus fibrosus. [53] [54] [55] In addition, sensory nerve endings in paraspinal tissues, including muscle spindles, 34, 56 are thought to be stimulated to magnitudes or in patterns that alter central neural processing in ways that are physiologically beneficial. 29, 33, [57] [58] [59] After the HVLA-SM, the redistribution of localized mechanical stresses and strains in paraspinal tissues resulting from changes in spinal motion could produce persistent changes in the inflow of sensory information with beneficial effects on somatosensory integration and well-being.
One limitation of the current study is that it could not determine whether activation of muscle spindles contributes to HVLA-SM's mechanism of action. Contributions from this proprioceptor still remain theoretical. 34, 56 In addition, the current study did not determine whether neural activity changes as thrust application angle increases but the total applied thrust force remains constant. A third limitation is that the study may have been underpowered to find 5imp/s differences in the peak dynamic changes to vertebral movement (DMIF peak movement ) during the ramp and hold challenge.
The findings from the present study combined with results from Bereznick, and from Kawchuk and Perle 49, 50 have implications for clinical practice and clinical research. If a clinician's goal is to deliver an HVLA-SM with a certain linear force, anticipating that it will set in motion either a biomechanical or neurophysiological mechanism, they need to recognize that transmitted linear forces and vertebral displacements will decrease as their thrust angle becomes more oblique. The magnitude of their thrust vector needs to increase concomitant with increasing thrust angle. If delivering an HVLA-SM parallel to either the plane of the intervertebral disc or the facet joint space does provide the least resistance to vertebral movement and helps limit force transmission to desired targets, 11, 24, 40 these studies suggest that the clinician's approach for accomplishing this would be by positioning both the patient and self in way that the plane of the intervertebral disc or joint space is as perpendicular as possible to the plane of the thrust's contact area.
Descriptions of the HVLA-SM used in clinical studies typically lack adequate detail to determine how the treatment's physical characteristics relate to clinical outcomes. 60 The need for phase II-type, preclinical trials to help identify the effective components of manual therapies has been recognized. 61 The findings described in this paper indicate that knowing the magnitude of the thrust force normal to the plane of the thrust's contact area is important for characterizing the amplitude of an HVLA-SM because only this component appears to be transmitted neurophysiologically and biomechanically. Training clinicians to achieve targeted thrust force levels appears achievable. 62, 63 This study adds to a growing list of preclinical investigations identifying the biomechanical characteristics of an HVLA-SM that affect neural, [21] [22] [23] biomechanical, 19, 20 and physiological responses. [16] [17] [18] 
Key Points
Across professions that use SM, a clinician's ability to apply a high-velocity low-amplitude thrust in a specified direction is considered an important component of its optimal delivery. Lack of detailed knowledge about the physical characteristics of a HVLA-SMs used in controlled clinical trials stands in striking contrast to the well-defined and consistently applied dosages used in efficacy studies for drug treatment. Scientific efforts to accurately assess the efficacy of HVLA-SM may be hampered by not identifying physical characteristics of the treatment actually applied. In the present study, regardless of thrust direction and hence its shear force component, we found that keeping the thrust's normal force component constant elicited similar neural activity from proprioceptors in deep lumbar paraspinal muscles.
The study supports the idea that knowing the magnitude of the thrust force normal to the plane of the thrust's contact area is important for characterizing the amplitude of an HVLA-SM because only this component is transmitted neurophysiologically and biomechanically.
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